Introduction
The fruit fly Drosophila melanogaster has been a favorite model organism for biologists since the beginning of the twentieth century. Their rapid generation, small size and the genetic tools created by the pioneering fly geneticists in the 1910s provided a unique model to investigate animal biology during the pre-genome editing era. As a result, studies on Drosophila led to many critical advances in developmental biology and neuroscience [1] . Since the 1990s, Drosophila has also been used as a model to investigate the innate immunity, which contributed greatly to renewed interest in this field [2] . Innate immunity is the first line of defense that multicellular organisms deploy to limit pathogen infections. In vertebrates, the innate response also regulates the production of cytokines and co-stimulatory molecules, which shape the subsequent adaptive immune response [3] .
Studies on innate immunity in Drosophila initially focused on bacterial and fungal infections, and revealed that the production of antimicrobial peptides (AMPs) plays an important role in host defense [4] . Expression of AMPs is controlled by the evolutionarily conserved signaling pathways Toll and IMD (immune deficiency), which regulate the activity of transcription factors of the NF-κB family [5, 6] . Proteolytic cascades involving sequential activation of serine proteases participate in the activation of the Toll pathway, and in the clotting and melanization responses to wounding [7, 8] . Cellular responses involving both circulating and sessile hemocytes also participate in antimicrobial host defense in flies, in particular via phagocytosis of bacteria by macrophage-like plasmatocytes and encapsulation of parasitic wasp eggs in larvae by lamellocytes [9] [10] [11] .
Viruses pose major threats to all organisms, including humans, as illustrated by epidemics such as influenza or 1 3 HIV. Viruses also have a very significant economic impact through their effect on crops and livestock. Of note, several arboviruses (arthropod-borne viruses) are transmitted to mammalian hosts by hematophagous insect vectors. Recent epidemics associated with these viruses (e.g., Zika virus) are driving interest in the interactions between insect hosts and viruses, which remain poorly understood. As obligate intracellular pathogens, viruses present few targets for sensing or neutralization by the immune system. In addition, viruses evolve rapidly, which makes their control by the immune system a never-ending arms race. Investigating virus-host interactions in a wide set of hosts, including insects, can therefore provide interesting insights into fundamental antiviral strategies [12] . Over the last 12 years, a number of groups have started to investigate the genetic basis of antiviral resistance in Drosophila. It is now well established that the cell intrinsic mechanism of RNA interference (RNAi) plays a central role in the control of viral infections in flies, as it does in plants and other invertebrates. In addition, inducible responses and restriction factors also contribute to resistance to viral infections. Here, we review the current state of knowledge of these different mechanisms, focusing mainly on results published within the last 3 years. Excellent reviews on the earlier stages of the field can be found elsewhere [13] [14] [15] [16] [17] [18] .
RNA interference and nucleic acid-based immunity

RNA interference pathways in Drosophila
The term RNA interference (RNAi) includes an array of pathways, in which small non-coding (nc)RNAs (~20-to ~30-nt long) are used to regulate gene expression. First discovered in plants and subsequently in the nematode Caenorhabditis elegans as a way to silence genes with double stranded (ds)RNA, RNAi is conserved across the plant and animal kingdoms [19, 20] . RNAi involves the formation of an active RNA-induced silencing complex (RISC), which is formed by a small ncRNA (non-coding RNA) and a protein of the Argonaute (Ago) family. There are three major classes of small silencing RNAs in animals : microRNAs (miRNAs), small interfering RNAs (siRNAs) and piwiinteracting RNAs (piRNAs). In Drosophila, they interact with five AGO proteins: Ago1-3, Piwi and Aubergine [17] .
miRNAs are involved in the post-transcriptional regulation of gene expression and participate in both developmental pathways and homeostasis. In flies, there are hundreds of miRNAs, which might provide regulation of up to half of the coding genome [21, 22] . miRNA biogenesis is a sequential process initiated in the nucleus and continuing in the cytoplasm with the help of several enzymes. Primary miRNAs (pri-miRNAs) are transcribed by RNA polymerase II and form a hairpin structure, which is processed by the nuclear RNase III enzyme Drosha and its dsRNA binding co-factor-Pasha [23] . This initial processing step leads to the formation of precursor miRNAs (pre-miRNAs), which are transported into the cytoplasm. A second RNase III enzyme, Dicer-1, then processes pre-miRNAs into mature 22-nt-long RNA duplexes. Again, this processing event is assisted by a dsRNA binding co-factor, the longest isoform of the Loquacious protein, Loqs-PB [24, 25] . Of note, the recent solving of the three-dimensional structure of Drosha points to a common ancestry with Dicer enzymes [26] . The 22-nt duplex miRNA is loaded onto the Ago1 protein, to form the miRNA programmed RNAinduced silencing complex (miRISC) [27] . Binding of miRISC to target mRNAs results in translation inhibition and mRNA degradation through slicing or decay. Several DNA viruses express miRNAs to regulate the expression of their genome, or the host cell genome [28] . Conversely, some viruses are targeted by host-encoded miRNAs [28] . The impact of miRNAs on Drosophila viruses remains poorly characterized [29] . The recent discovery of Kallithea virus, a fruit fly DNA virus of the Nudivirus family, which expresses a highly abundant miRNA, provides an opportunity to address its function in the Drosophila model [30] . Double-stranded RNA (dsRNA) from exogenous and endogenous sources can trigger a second RNAi mechanism-the siRNA pathway. dsRNA is sensed by the second member of the Dicer family in insects, Dicer-2, which processes it into 21-nt duplex siRNAs (Fig. 1) . These are loaded onto the AGO2 protein to form a pre-RISC complex, with the help of R2D2, a dsRNA binding co-factor of Dicer-2. One strand of the duplex, the passenger strand, is then ejected, leading to the formation of a mature RISC complex. The remaining strand, known as the guide strand, is stabilized by 2′-O-methylation of the 3′ nucleotide by the protein Hen1, and then targets the RNAs containing complementary sequence, which will be cleaved by the AGO2 slicer activity [17] . There is strong genetic evidence that the siRNA pathway, and in particular its three core components, Dcr-2, R2D2 and AGO2, play a major role in antiviral immunity in Drosophila. This is also supported by the production of Dcr-2-dependent virus-derived siRNAs in flies or cells infected by a range of different viruses, irrespective of their type of genome (RNA or DNA) (reviewed in [13, 14] ). Virus-derived small RNAs provide a footprint of the action of the fly immune system, giving useful information on the sensing of viral nucleic acids. For example, immunostaining with antibodies recognizing dsRNA initially failed to detect dsRNA in cells infected by negativestrand RNA viruses [31] . However, the profile of siRNAs derived from vesicular stomatitis virus (VSV), a rhabdovirus containing a single-stranded RNA genome of negative polarity, is consistent with the processing of a viral dsRNA template [32, 33] . Indeed, a recent study with more sensitive antibodies has confirmed the presence of dsRNA in VSV-infected cells [34] . In the case of the DNA virus IIV6 (invertebrate iridescent virus 6), high-throughput sequencing pinpoints the genomic region whence the dsRNA is produced [35, 36] . That many insect and plant viruses express suppressors of the siRNA pathway (see below) also attests to the importance of this pathway for the control of viral infection. A major remaining question is the sensing of dsRNA by Dicer-2. Indeed, this mechanism appears to differ depending on the source of the trigger. For example, the short isoform of Loqs, Loqs-PD, is required for the processing of endo-siRNAs or exo-siRNAs by Dicer-2, but, intringuingly, is dispensable in the case of viral RNA [24, 37] (Fig. 1) .
The third RNAi mechanism in flies, the piRNA pathway, acts in germ cells and in some somatic tissues such as the follicular cells surrounding the ovaries [38] . piRNAs are small, 24-to 27-nt-long ncRNAs, which originate from specific genomic loci, mainly containing defective transposable elements [39] . As implied by their name, piRNAs associate with Piwi and two related proteins named Aubergine and AGO3, which form a separate clade of AGO proteins. Like siRNA, their 3′ end is protected by 2′-O-methylation [40] . The synthesis of piRNAs does not depend on Dicer proteins, but rather involves the exonuclease Zucchini and the AGO proteins from the Piwi clade themselves. piRNAs derived from viruses have been observed in mosquito cell lines and, for some viruses, in infected Aedes mosquitoes [41] [42] [43] [44] [45] [46] . This suggests that the piRNA pathway may participate in antiviral immunity in Drosophila, in addition to its well-established role in genomic protection against transposable elements. However, in the case of Drosophila, virus-derived piRNAs have only been reported in a cell line derived from ovaries, and the piRNA pathway does not appear to participate in antiviral response in flies [47, 48] .
Cell biology and regulation of the antiviral siRNA pathway
Besides the core components of the siRNA pathway, namely Dicer-2, R2D2 and AGO2, it is becoming apparent that other factors participate in this central antiviral pathway ( Fig. 1) .
Indeed, loading of the siRNA duplex onto AGO2 to form a pre-RISC complex cannot occur solely in the presence of the Dicer-2/R2D2 complex. Three chaperone proteins, Hsc70, Hsp90 and Hop, are essential for pre-RISC formation, whereas two others (Droj2 and p23) further improve the efficiency of AGO2-RISC assembly [49] . Overall, the in vitro addition of the five chaperone proteins to the core siRNA pathway components reconstituted a fully active RISC complex. The function of the chaperone machinery is ATP dependent, and ATP hydrolysis provides the energy required to accommodate the siRNA duplex onto AGO2. Hsc70 and Hsp90 also extend the dwell time of the Dicer-2/R2D2/siRNA complex on AGO2, therefore enabling the efficient loading of the siRNA duplex [49] .
A further essential component of the siRNA pathway was recently identified in an unbiased EMS mutagenesis screen. The screen monitored silencing of the gene white, which encodes a transporter for a precursor of an eye color pigment, by a long hairpin RNA expressed from an inverted repeat transgene. In TAF11 mutant flies, silencing of white is significantly reduced, as observed in r2d2 mutant flies [50] . In agreement with these findings, GFP expression from a recombinant viral replicon derived from flock house virus (FHV), which is efficiently silenced by the siRNA pathway in cells from the S2 line, is derepressed after CRISPR/Cas-mediated knockout of the TAF11 gene. TAF11 interacts with Dicer-2, R2D2 and AGO2 and colocalizes in the cytoplasm with Dicer-2/R2D2 in cytoplasmic foci known as D2 bodies [51] . Although TAF11 does not bind siRNAs itself, it enhances the loading of radiolabeled duplex siRNA on AGO2. Altogether, these results are consistent with a scaffold model in which four TAF11 molecules bind to and facilitate the formation of Dicer-2/ R2D2 heterotetramers, which are necessary to bind duplex siRNA [50] . The resulting RISC loading complex is localized to cytoplasmic D2 bodies.
The siRNA pathway is also regulated at the transcriptional level. The Drosophila forkhead box O (dFOXO) protein is the single member of the highly conserved family of FOXO transcriptional regulators present in flies [52] . This transcription factor binds the AGO2 and Dicer-2 promoters and regulates their activity. Accordingly, dFOXO null flies are more susceptible to cricket paralysis virus (CrPV) and FHV infection and this defect can be rescued by ectopic expression of Dicer-2.
Other genes can have an impact on the siRNA pathway, albeit indirectly. One function of Dicer-2 is to degrade stress-induced tRNA fragments [53] . The RNA methyl transferase, DNMT2, limits tRNAs cleavage. In flies mutant for this enzyme, tRNA fragments accumulate and divert Dicer-2 from other substrates, e.g., dsRNA. This might account for the increased sensitivity of DNMT2 mutant flies to infections by RNA viruses [54] .
Together, the components of the siRNA pathway exert strong selective pressure on viruses, which have developed countermeasures in the form of suppressor proteins.
Insect viruses express suppressors of RNAi
Many insect viruses, including those of Drosophila, encode viral suppressors of RNAi (VSRs). Some of them bind to long viral dsRNAs and prevent binding of Dcr-2. This is the case for the proteins 1 A and 340R from Drosophila C virus (DCV) and IIV6, respectively, which contain canonical dsRNA binding domains, dsRBDs [55] [56] [57] . The proteins B2 of FHV and VP3 of the birnavirus Drosophila X virus (DXV) also bind dsRNA, through a noncanonical domain [58] . In addition to long dsRNA, 340R and B2 also bind 21-nt-long siRNA duplexes, thus also inhibiting efficient loading onto AGO2. Two other VSRs, 1 A and VP1 from the CrPV and Nora viruses, respectively, bind to AGO2 and interfere with its enzymatic activity (Fig. 1) .
The importance of the VSRs has been particularly well illustrated in the case of FHV. Nodaviruses have small bipartite RNA genomes that are easy to manipulate genetically. RNA1 encodes the replicase, whereas RNA2 encodes the capsid proteins. A third RNA transcript, RNA3, is also produced from RNA1 and encodes the VSR B2. Whereas the wild-type FHV is highly pathogenic upon injection into the body cavity of the fly, viral mutants unable to express B2 are completely attenuated. As expected, the virus regains virulence when injected into Dcr-2 or AGO2 mutant flies [59, 60] . Interestingly however, even in the absence of a functional siRNA pathway, the B2-deficient virus exhibits reduced virulence compared to wild-type FHV. Indeed, a second function of B2 is to bind double-stranded regions of RNA2 and prevent this RNA being recruited into subcellular structures where its translation would be repressed. As a result, translation of the capsid protein is impaired in the absence of B2, even in RNAi-deficient cells [60] .
The intimate relationship between some viral suppressors and components of the siRNA pathway (e.g., the VP1 suppressor of Nora virus and AGO2) exerts a strong selective pressure on the host genes to escape targeting. As a consequence, AGO2, r2d2 and Dcr-2 are among the fastest evolving genes in Drosophila [61] . Thus, viral suppressors can have host-specific activities. For example, the VP1 protein from a divergent Nora virus isolated from D. immigrans interacts with and suppresses D. immigrans AGO2, but not D. melanogaster AGO2 [62] . This provides an excellent example for the co-evolution of the host RNAi machinery and viral supression mechanisms.
From a cell-intrinsic resistance mechanism to systemic immunity?
The host defense against infection engages both cell-intrinsic mechanisms and systemic responses. The latter involve communication of immune signals, which alert uninfected cells and amplify the host response. In plants and the worm Caenorhabditis elegans, antiviral RNAi includes a systemic component that relies on the spreading of siRNAs [17] . This spreading can initiate the production of secondary siRNAs in non-infected cells, upon synthesis of dsRNA by host-encoded RNA-dependent RNA polymerases (RdRPs). In C. elegans, transmembrane transporters also participate in a systemic RNAi response. Genes homologous to plant and nematodes RdRP that could trigger systemic RNAi responses have not been identified in insects. Accordingly, RNAi is cell autonomous in Drosophila [63] , and exposing flies to a low dose of DCV, which will trigger RNAi in infected cells, is not sufficient to induce protection against a challenge with a higher dose of virus [64] . However, dsRNA released by infected cells may trigger RNAi in distant cells, upon internalization by the dsRNA uptake pathway [65, 66] . In addition, viral RNA can be reverse transcribed into DNA in Drosophila and transcripts produced by this DNA can be processed by the siRNA pathway to inhibit viral replication [67] . Nanotubes-like structures may also be used to transfer dsRNA and components of the RNAi machinery between cells [68] .
Inducible responses to viral infection in Drosophila
Evolutionarily conserved innate immune pathways and antiviral immunity
In Drosophila, bacterial and fungal infections activate the Toll and IMD pathways, which contribute to the resolution of the infection. Fungi and most Gram-positive bacteria activate the Toll pathway, in which the kinase Pelle phosphorylates the IκB protein Cactus, triggering its polyubiquitination and degradation by the proteasome. This allows the NF-κB proteins DIF and Dorsal to translocate to the nucleus and activate transcription of AMPs such as Drosomycin. Toll is activated by the neurotrophin-like cytokine Spaetzle. This molecule circulates in the hemolymph as an inactive precursor and is activated by proteolytic processing. The proteolytic cascade acting upstream of Spaetzle is triggered by circulating pattern recognition receptors (PRR) sensing lysine-type peptidoglycan (e.g., PGRP-SA) or β-glucans (e.g., GNBP3). Alternatively, the pathway can be induced by abnormal proteolytic activity in the hemolymph sensed by the serine-protease persephone (reviewed in [69] ). Gram-negative bacteria activate the IMD pathway via their cell wall components. In particular, di-aminopimelic acid is sensed by the transmembrane PRR, PGRP-LC, which activates a cytoplasmic signaling pathway leading to phosphorylation and activation of another NF-κB protein called Relish. Upon nuclear translocation, Relish transcribes antimicrobial peptide genes (e.g., diptericin) (reviewed in [70] ). The evolutionary ancient Toll and IMD pathways share several similarities with the inflammatory pathways regulated by Toll-like receptors, the interleukin-1 receptor and the TNF receptor in mammals. Activation of the Jak/STAT pathway represents another hallmark of the response to septic injury in Drosophila. The Drosophila genome encodes a single JAK kinase (Hopscotch) and a single STAT transcription factor (STAT92E), which respond to activation of the gp130-like cytokine receptor Domeless by three cytokines of the Unpaired (UPD) family [71] . As described below, the Toll, IMD and Jak/STAT pathways have been proposed to play a role in antiviral immunity (Fig. 2) .
The Jak/STAT pathway participates in the control of infection by dicistroviruses
Some 130 genes are upregulated by a factor of at least two in response to DCV infection [72] . Characterization of the promoter of a strongly induced gene, vir-1, revealed the importance of DNA motifs corresponding to binding sites for the transcription factor STAT92E. Several DCVinduced genes share this property and, like vir-1, were no longer induced in flies either mutant for hopscotch or expressing a dominant-negative version of Domeless. Hopscotch mutant flies have increased viral load and succumb more rapidly than controls to DCV infection, indicating that at least some of the induced genes participate in the control of the infection [72] . Like inflammation in mammals, induction of the innate immunity pathways is associated with toxicity. This is best illustrated by the phenotype of flies mutant for the histone H3 lysine 9 (H3K9) 1 3 methyltransferase G9a. These flies are highly susceptible to infection by RNA viruses, including DCV, and lethality is associated with hyperactivation of the Jak/STAT pathway [73] . Thus, the epigenetic regulator G9a mediates tolerance to virus infection in Drosophila by modulating activation of the Jak/STAT pathway. Importantly, even though vir-1 and other Jak/STAT regulated genes such as members of the Turandot (Tot) family are induced by several RNA viruses, hopscotch mutant flies appear to be uniquely susceptible to viruses of the Dicistroviridae family (e.g., DCV, CrPV) [35] . Probably, some aspects of the Jak/STAT-dependent inducible response may be redundant with additional defenses for viruses other than Dicistroviridae in flies.
Contribution of the NF-κB family transcription factors Dorsal, DIF and Relish to antiviral immunity
The Toll pathway has been proposed to play a role in antiviral immunity. An initial report indicated that two mutants of the Toll pathway, affecting the genes Dif and Toll, die more rapidly than controls following infection by Drosophila X virus (DXV), which belongs to the Birnaviridae family [74] . Intriguingly, the mutation in Dif was a loss of function, whereas the mutation in Toll was a gain of function, resulting in a constitutively activated pathway. A possible explanation for this finding could be that, as described above, immunopathology caused by activation of innate immunity pathways in Drosophila contributes to the lethality. Indeed, Dif 1 mutant flies exhibited a significant increase in DXV titer, in agreement with a role of DIF in the activation of an antiviral program, whereas the viral titer was slightly reduced in Toll 10b mutant flies. Of note, loss of function mutations in other genes of the pathway (spaetzle, Toll, pelle, tube) did not show a phenotype following DXV infection, suggesting that DIF regulates antiviral activity by a non-classical mechanism in this context. An independent study recently reported that the genes spaetzle, Toll, pelle and dorsal are required for resistance to oral infection by several RNA viruses (DCV, CrPV, FHV and Nora virus) [75] . Interestingly, although the Toll pathway is activated in the fat body upon oral infection or by direct injection of DCV into the hemocele, only the oral infection route gave a phenotype. This suggests that the antiviral action of the Toll pathway targets a step of the viral cycle specific to the oral infection route, which is bypassed when the virus is directly injected in the body cavity. Of note, polydnaviruses, which are mutualists of parasitic wasps, express vankyrin (vank) genes that encode inhibitors of Dorsal and Dif. Two vankyrins from Microplitis demolitor Bracovirus (MdBV) also bind to and inhibit Relish [76, 77] .
Two studies initially reported that flies mutant for several genes encoding components of the IMD pathway were more susceptible than controls to infection by CrPV or SINV [78, 79] . A follow-up study by Hardy and co-workers identified 95 genes differentially expressed in transgenic flies expressing an SINV replicon [80] . Analysis of the upstream regions of these genes revealed the presence of Rel and STAT binding sites in most of them and the presence of these binding sites correlated with a decreased expression in flies heterozygotes for Relish and STAT92E. Among the genes tested, silencing of diptericin B (Relish dependent) and attacin C (STAT dependent) resulted in increased viral load. Thus, these two antimicrobial peptides appear to participate in the control of SINV infection in Drosophila. A completely independent set of experiments recently confirmed that the IMD pathway is involved in antiviral immunity [81] . These experiments investigated the function of the gene Diedel, which is strongly upregulated by some viruses, including SINV. Diedel mutant flies have reduced viability and succumb more rapidly than controls when infected by SINV, but not the unrelated vesicular stomatitis virus (VSV). This increased lethality does not result from uncontrolled viral replication, but rather from overactivation of the IMD pathway. Indeed, a large number of IMD regulated genes are upregulated in die mutant flies, and viability is rescued in flies double mutant for die and imd or ikkγ, two genes encoding key components of the IMD pathway [81] . Thus, die, which encodes a circulating 12 kDa protein, mediates tolerance to SINV infection by downregulating activation of the IMD pathway. Most interestingly, homologues of die are found in the genome of several insect DNA viruses [e.g., Spodoptera frugiperda ascovirus 1a (SfAV1a)], and one of them can partially rescue the phenotype of die mutant flies. The hijacking of a negative regulator of the IMD pathway by DNA viruses emphasizes the relevance of this pathway for the control of viral infections [81] .
In summary, the genetic data now at hand point to an involvement of the three main evolutionarily conserved "inflammatory" pathways in the control of viral infections in flies. In addition, profiling of the transcriptome of infected cells and RNAi screens revealed that the heat shock pathway as well as transcriptional pausing participates in a rapid response to viral infection in Drosophila [82, 83] . In the intestinal epithelium, the cytokine Pvf2 can also trigger an antiviral program upon activating the PVR receptor and the ERK pathway [84, 85] . Altogether, these findings open interesting questions on the nature of the antiviral molecules these pathways upregulate, and on the mechanisms by which they are activated in the context of viral infections.
Sensing viral infection to trigger inducible responses
How viral infections are sensed in Drosophila remains largely unknown. In mammals, several innate immunity receptors sense viral nucleic acids and trigger the interferon response (reviewed in [86] ). The only known sensor for viral RNA in flies is Dicer-2, which triggers RNA interference. Interestingly, Dicer-2 can also trigger an inducible response. Indeed, induction of the gene Vago is abolished in flies mutant for Dicer-2 or expressing FHV-B2, a VSR that competes with Dicer-2 for the binding to dsRNA [87] . The induction of an ortholog of Vago in Culex mosquitoes following infection by West Nile virus also depends on Dicer-2 [88] . Thus, this cytosolic sensor for viral RNA, which shares an evolutionarily conserved duplex RNA-activated ATPase domain with RIG-I like receptors, can trigger two types of responses in Drosophila, RNAi and induced expression of molecules associated with antiviral immunity [89] . The signaling pathway connecting Dicer-2 to induction of Vago has not yet been characterized in flies. In Culex however, the Relish ortholog REL2 and a TRAF factor have been associated with the upregulation of CxVago [90] . Thus, at least one component of the IMD pathway, the transcription factor REL2, can be activated by a pathway activated upon sensing dsRNA by Dicer-2 in Culex mosquitoes.
Excess DNA in the cytosol of Drosophila cells can also activate an immune response, suggesting that the sensing of viral DNA could contribute to antiviral immunity. Indeed, mutation of the gene encoding the lysosomal enzyme DNAseII results in the constitutive expression of the IMDregulated AMPs Diptericin and Attacin A, whereas the Toll-regulated AMP drosomycin is not affected [91] . This suggests that the IMD pathway can be activated upon sensing cytosolic DNA. Although the sensor for DNA remains unknown, this pathway involves the serine phosphatase Eya, which can associate with the kinase IKKβ and the transcription factor Relish [92] . The possible involvement of this pathway in the resistance to DNA virus infection remains to be investigated.
Besides nucleic acids, other components of viral particles may be sensed by the immune system of the fly. For example, the gene diedel (die) is strongly upregulated by the enveloped viruses SINV and VSV, but the non-enveloped viruses DCV, CrPV and FHV induce little or no response. Furthermore, UV inactivation of both SINV and VSV does not impair induction of die. Altogether, these findings suggest that sensing of molecules from the viral envelope may trigger induction of this host cytokine [81] . Interestingly, induction of die does not involve Relish, but DIF. However, the signal transducer MyD88 is not required for die induction, suggesting that in the context of these viral infections, DIF is not activated by the canonical Toll pathway.
Finally, some genes may be induced by the stress associated with viral infection, or in response to alterations in the host physiology. For example, infection by DCV induces a heat shock response [82] . This response may be activated by the accumulation of unfolded viral proteins in the cytosol of infected cells. Activation of the Toll pathway in apoptosis-deficient flies may provide another mechanism for induction of immunity genes [93] . As detailed below, apoptosis is an evolutionarily conserved antiviral mechanism and many DNA viruses have evolved suppressors to escape it [94] . Virus-induced necrotic death, when apoptosis is inhibited, could result in the release of damage-associated molecular patterns activating the cytokine Spaetzle and the Toll pathway [93] . A third example is provided by viruses such as CrPV, which inhibit the cap-dependent translation of cellular mRNAs and may thus promote the synthesis of cap-independent mRNAs involved in stress response [95] . Finally, altered physiology of the infected host may contribute to the upregulation of immune genes. For example, DCV infects the smooth muscle cells of the crop in the anterior midgut, resulting in intestinal obstruction and a depletion of energy stores [96] . This starvation-like condition can lead to activation of the transcription factor FOXO, which participates in the regulation of the expression of AMP genes [97] and, as mentioned above, Dicer-2 and AGO2 [52] .
Toward the functional characterization of virus-induced Drosophila genes
Only a handful of the genes identified as induced or upregulated by viral infection have been characterized functionally. Some of them do not act directly on the virus, but rather participate in the consolidation of the induced response or the homeostasis of this response. For example, the cytokines Upd2 and Upd3, which activate the Jak/STAT pathway, are induced by DCV infection [35] . The nucleoporin Nup98, which is upregulated by SINV and VSV, participates in the induced expression of a subset of putative antiviral genes, together with the transcription factor FoxK [98, 99] . The gene Vago encodes a 18 kDa cysteine-rich peptide containing a single von Willebrand factor type C domain, which probably represents another cytokine participating in the amplification of the immune response [87] . Indeed, Vago restricts DCV infection in the Drosophila fat body. Although Vago has not been characterized further in Drosophila, in Culex mosquitoes it restricts WNV infection by activating the Jak/STAT pathway, suggesting an antiviral cytokine function [88] . The last example is the cytokine Die, which is strongly induced by SINV and VSV and represses activation of the IMD pathway in the context of SINV infection [81] . Overactivation of the IMD pathway is associated with deleterious effects on the host. Accordingly, die mutant flies succumb more rapidly than wild-type controls following SINV infection. These mutants contain viral loads similar to that of controls, but exhibit an exacerbated induction of IMD-regulated genes, which reduces viability.
Other virus-induced genes encode antiviral effectors. As mentioned above, silencing the expression of two antimicrobial peptides induced by SINV infection, Diptericin B and Attacin C, results in increased SINV replication [80] . Antimicrobial peptides have also been associated with antiviral activity in vector mosquitoes and mammals [100, 101] . Activation of the heat shock response in flies improves the control of DCV infection and survival of the flies, indicating that this response is a constituent of antiviral innate immunity in Drosophila and that some of the molecules induced are associated with antiviral activity. Indeed, overexpression of the heat shock factor Hsp70 is sufficient to increase survival following DCV infection, suggesting that this factor has antiviral activity [82] .
In summary, we are still largely ignorant of the function of most of the host factors induced by viral immune challenge. Even for the few candidate antiviral molecules that have been identified, we have limited understanding of their mode of action. The identification of pathways associated with antiviral resistance (e.g., Toll, IMD, Jak/STAT, transcriptional pausing) by genetic screens opens the way to the characterization of the transcriptome of infected flies mutant for these pathways. This will narrow down the number of candidate antiviral molecules to test functionally. Such approach was successfully used in Aedes mosquitoes, where the investigation of 18 genes regulated by the Jak/ STAT pathway and induced by dengue virus infection led to the identification of two anti-dengue factors [102] .
Induced apoptosis and phagocytosis
Apoptosis is a conserved mechanism of programmed cell death restricting viral replication and dissemination in insects. Caspases, the proteases that trigger apoptosis, are tightly regulated by members of the IAP (inhibitor of apoptosis protein) family (e.g., dIAP1 in Drosophila), which are themselves controlled by antagonist proteins (encoded in Drosophila by the RHG genes: reaper, hid, grim and sickle). Apoptosis can be triggered as a result of depletion of the labile protein dIAP1 when host translation shuts down as a result of viral infection [103] . Alternatively, viral infection can trigger the expression of pro-apoptotic RHG genes, following activation of the transcription factor p53 [104] . Programmed cell death can stop the infection before viral replication is completed. Additionally, apoptosis may promote clearance of infected cells by phagocytes, thus preventing dissemination. Clearly, both the presence of hemocytes (blood cells) and active phagocytosis are required to control FHV, DCV and CrPV in infected flies [79, 105, 106] .
Intrinsic antiviral immunity and restriction factors in Drosophila
The first line of innate immune defense encountered by infectious viruses is constituted by restriction factors. These proteins are constitutively expressed in host cells already before the infection and target one or more steps of the viral replication cycle, resulting in a severe drop in the virus titer. Host proteins must fulfill several criteria to be considered as restriction factors. They are frequently encoded in the germline, and antiviral activity is often their main function. Their basal expression level can be upregulated by a viral infection, although their function is often antagonized by viral polypeptides. In addition, the direct interaction between rapidly evolving viral proteins and restriction factors exerts a constant pressure on the latter, resulting in a positive selection of these host genes [107, 108] .
Multiple mechanisms of viral restriction have been described, with some factors specifically targeting one virus or virus family, while others have a broad spectrum of activity across several viral families. In the last two decades, many restriction factors and their mechanisms of action have been discovered in mammals [107] [108] [109] [110] [111] [112] [113] [114] . Restriction factors also exist in Drosophila, although they remain poorly characterized. Most of them were identified while studying natural viral pathogens of Drosophila including the Sigma virus (DMelSV), a rhabdovirus, and the DCV dicistrovirus [115] .
The p62 ortholog Ref(2)P restricts the sigma rhabdovirus (DMelSV)
Five loci involved in resistance to DMelSV infections referred to as ref(1)H, ref(2)M, ref(2)P, ref(3)D and ref(3)O
were roughly mapped nearly 40 years ago by genetic analysis on the Drosophila melanogaster genome [116] . DMelSV is transmitted vertically and infects natural fly populations. The infection appears relatively benign, but can be easily detected since infected flies succumb following an exposure to CO 2 [117] . The first and so far best characterized locus at which genetic variation affects virus multiplication in flies is ref (2) P, which is located on the left arm of the second chromosome. The gene was cloned by P-element tagging and common permissive ref (2) P o and restrictive ref (2) P p alleles were identified [118] . In fact, Ref (2) P is strongly polymorphic, as revealed by 14 different protein sequences obtained from 14 sequenced fly haplotypes [119] . Three polymorphisms located in the N-terminal PB1 (Phox and Bem 1) domain contribute to the sensitive or restrictive phenotype [119, 120] . Both restrictive and permissive forms of Ref (2)P can be co-immunoprecipitated with the N and P proteins from DMelSV [121] , indicating a direct interaction. Interestingly, some mutations in the virus can overcome the restriction [122, 123] , eventually resulting in the invasion of natural populations by variant viruses. Thus, Ref (2)P fulfills most of the criteria of a restriction factor. Surprisingly, however, flies with permissive alleles are more susceptible to DMelSV infection than those carrying a null allele. This suggests that the protein encoded by the permissive allele functions as a dominantnegative, with the virus having co-opted this protein for its replication, and the restrictive allele arisen a posteriori [124] .
How does Ref(2)P affect DMelSV replication cycle? This protein forms a complex with the Drosophila atypical protein kinase C (daPKC), which positively regulates the Toll-signalling pathway and induces the synthesis of AMPs [125, 126] . Activation of the Toll pathway may therefore contribute to the inhibitory effect of Ref (2)P on DMelSV. Intruigingly, Ref (2)P is the Drosophila ortholog of the mammalian polyubiquitin-binding scaffold protein P62, (aka sequestosome 1). P62 recognizes autophagic cargos and allows their engulfment into autophagosomes through binding to members of the Atg8/LC3 family [127] . Accordingly, Ref(2)P co-localizes with cytoplasmic protein aggregates induced by aging, reduced proteasomal or autophagic activity, and neurodegenerative diseases in humans [128] . Autophagy, which has been associated with antiviral activity in flies [105, 129] , may therefore contribute to the restrictive activity of Ref (2)P against DMelSV. In this regard, the pro-and antiviral action of the permissive and restrictive alleles of Ref (2)P may reflect its autophagic functions (e.g., [130] [131] [132] [133] ). Clearly, it would be interesting to investigate further the role of autophagy in the control of Sigma virus infections as well as the contribution of Ref (2) P in the resistance to other rhabdoviruses (e.g., VSV).
Two other restriction factors control susceptibility to DMelSV in Drosophila
Recently, two additional restriction factors for DMelSV, CHKov1 and Ge-1 have been characterized in Drosophila melanogaster. The gene Ge-1 is located on the left arm of the second chromosome. It was identified through highresolution genetic mapping in the DMelSV refractory locus called ref (2) M [116, 134] . The Ge-1 protein is composed of an N-terminal WD40 domain and a C-terminal region separated by a serine-rich linker region. A rare polymorphism in Ge-1 consisting of a deletion of 26 amino acids from the linker region is associated with increased resistance to DMelSV infections in Drosophila [134] . No crossresistance to DCV or Drosophila A virus (DAV) could be observed. Such specificity may be expected for bona fide restriction factors, although proof of an interaction between Ge-1 and a rhabdovirus factor/process is still missing. Of note, silencing of the common sensitive allele of Ge-1 increases susceptibility of flies to the rhabdovirus, indicating that even this allele is endowed with some restrictive activities against DMelSV. Ge-1 is a central component of processing bodies (P-bodies). These cytoplasmic foci are composed of RNA and proteins and are involved in mRNA degradation and posttranscriptional gene regulation. In these cytoplasmic structures, Ge-1 bridges Decapping protein 1 (Dcp1) and Decapping protein 2 (Dcp2), which together remove the 5′ cap from mRNAs (decapping) leading to their exonuclease-dependent degradation [135, 136] . AGO2, a key effector of the antiviral siRNA pathway, has also been localized in P-bodies. However, a link between AGO2 and the Ge-1 resistance to DMelSV could not be experimentally established [134] . Alternatively, the antiviral effect of Ge-1 may be mediated by the decapping complex. Indeed, the core component of the decapping complex, Dcp2, restricts the bunyavirus RVFV in Drosophila cells [137] . RNAi-mediated silencing of Dcp1 led to increased DMelSV loads in flies. However, silencing Dcp2 had no effect on DMelSV replication, suggesting that the canonical decapping complex is not involved [134] .
The gene CHKov1 was identified by linkage mapping as the locus previously called ref (3)D [116] . The insertion of a transposable element (Doc) into the coding sequence of CHKov1 leads to the expression of shorter CHKov1 proteins that are endowed with a higher resistance capacity against DMelSV infections [138] . This genotype is the most common in natural populations of Drosophila. In few lines, another rearrangement, associated with even stronger resistance against this rhabdovirus, was discovered in this region. This complex rearrangement results in flies containing one partial and two full copies of CHKov2, a paralog of CHKov1, together with three copies of the CHKov1 allele containing the Doc insertion [138, 139] . A strong decrease in neutral genetic variation was also found in the regions surrounding the Doc insertion, probably reflecting a recent selection pressure exerted by the rhabdovirus on the CHKov1 gene [139] . In summary, there is strong genetic evidence indicating that CHKov1 is a third restriction factor for DMelSV, although some criteria, such as an interaction of the polypeptide with a viral factor/process, have not yet been fulfilled. Identifying such interaction would shed light on the mechanism of action of CHKov1.
The gene Pastrel restricts DCV infections in Drosophila
Wild Drosophila populations were found to differ in their sensitivity to infection by another natural viral pathogen, DCV. A genome-wide association study (GWAS) identified a cluster of polymorphisms in and around a gene called pastrel (pst), associated with resistance or susceptibility to DCV (Fig. 3) [139] . Pst is localized on the left arm of the third chromosome. Its restrictive activity seems to be virus specific, since no significant associations with susceptibility to another positive-strand RNA virus, the nodavirus FHV, or the rhabdovirus Drosophila affinis sigma virus (DAffSV), could be observed in flies. Notably, Pst was also found to restrict infection by another dicistrovirus, namely CrPV [140] . This implies that the restriction factor may target a conserved step of the replication cycle of these picorna-like viruses. The resistant allele of pst codes for alanine at position 598, whereas the susceptible variant encodes a threonine (Fig. 3) . In this study, the key role of pst in DCV restriction was validated by functional RNAibased analysis. These experiments revealed in addition that the pst-sensitive allele is also endowed with antiviral effects, although to a lesser extent than its restrictive counterpart [139] . Interestingly, an independent study assessing the genetic and phenotypic changes underlying the adaptation of D. melanogaster to DCV infections also identified the polymorphism affecting position 598 of Pst as a key determinant of resistance to this virus [140] . A second locus involved in the resistance to DCV was identified by genome-wide sequencing in this study. Ubc-2EH is located on the X chromosome and two polymorphisms associated with resistance to DCV were identified in introns of the gene. Involvement of Ubc-2EH was confirmed by RNAi, and, like pst, it was observed to also restrict CrPV. However, Ubc-2EH had no impact on FHV, which belongs to a different virus family [140] .
Other factors participating in intrinsic immunity in flies
Several other host factors were recently identified as limiting or restricting the multiplication of viruses in Drosophila. However, the viruses used do not naturally infect flies, which prevents these host factors being classified as bona fide restriction factors. We will refer to them as resistance factors, as proposed by Doyle et al. [141] , for factors that do not fulfill all the criteria of restriction factors. One example of such factor is the protein Rm62, the fly ortholog of the mammalian DEAD-box helicase DDX17 [142] . This peptide was identified by an RNAi screen as restricting the replication of bunyaviruses including Rift Valley fever virus (RVFV) and La Crosse virus (LACV), in vivo and in vitro. In contrast, Rm62 did not impact the replication of VSV, SINV or DCV. Similar results were obtained in infected human cell cultures silenced for DDX17, the human homolog of Rm62. DDX17 is a nuclear protein which participates in the processing of host pri-miRNA via interactions with stem loop structures. In infected cells, it translocates to the cytoplasm where it can interact with viral RNA. Cross-linking immunoprecipitation followed by high-throughput sequencing (CLIP-seq) revealed that DDX17 binds an essential stem loop in bunyaviral RNA, explaining its antiviral action [142] . RVFV can also be restricted in Drosophila cells by dXPO1, an export receptor, and dRUVBL1, a component of the Tip60 histone acetylase complex [143] . The dsRNA-specific endoribonuclease Drosha that processes pri-miRNAs in the nucleus is another example of resistance factor. This enzyme relocalizes to the cytoplasm in Drosophila DL1 cells following infection by SINV, as mentioned above for Rm62 and RVFV. Drosha depletion in both Drosophila and mammalian cells results in increased viral RNA expression, demonstrating that the protein functions as an intrinsic antiviral factor upon relocalization to the cytoplasm [144] . Two other nuclear proteins, dMtr4 and dZcch7, were also reported to relocalise to the cytosol upon viral infection. These proteins belong to the exosome cofactor TRAMP complex and participate in viral RNA degradation after exiting the nucleus [145] .
In summary, only a few proteins have been identified in D. melanogaster as fulfilling all the criteria of classical restriction factors. This is probably due to the relative lack of interest in Drosophila viral diseases and the low number of natural viral pathogens identified for this species to date. The recent discovery of at least 20 new RNA and DNA viruses infecting wild Drosophila using metagenomics will provide opportunities to identify additional restriction factors in flies [30] . Whether these will have mammalian orthologs, or not (like Pst), their functional characterization will provide powerful insights into critical steps of viral replication cycles, or components of the virus that can be targeted for intervention.
Concluding remarks
The choice of the fly D. melanogaster as a model to investigate innate immunity in the late 1980s, when the field was largely ignored by the majority of immunologists, was insightful. Indeed, the large range of genetic tools available for this model organism has provided important information on the functioning and regulation of innate immunity. One of the lessons from these studies is that innate immunity is not as unspecific as was formally thought. Indeed, insects and among them Drosophila can discriminate between different types of infectious microorganisms and mount somewhat directed responses. The study of antiviral immunity provides another striking example of the degree of specificity that can be achieved by innate immune responses. Indeed, the antiviral siRNA pathway, which relies on base pairing between 21 nucleotide-long siRNAs produced by the host and viral RNAs provides a striking example of extreme specificity and evolutionary adaptability.
Even though the role of the siRNA pathway in the control of viral infections is well established, important questions remain. They include the mechanism of the sensing of viral RNAs, which appears to differ from the sensing of non-viral dsRNA. Identification and characterization of novel regulators of the core components of the siRNA pathway provide useful information. The exploitation of profiles of virus-derived siRNAs, identified by highthroughput sequencing, will certainly also provide insights. Questions on the cell biology of antiviral RNAi and on cell to cell communication and amplification of responses are also fascinating issues that can be addressed with this model organism.
In addition to antiviral RNAi, several important questions remain regarding the induced antiviral response of Drosophila. We are still largely ignorant of the receptors and effector mechanisms involved, but the tools (e.g., mutant strains, differentially expressed transgenic strains, together with markers and reporters of the antiviral response) are now at hand to analyze these interactions. Restriction factors represent a third topic worthy of interest, and one can predict that the structural and functional characterization of the products of the genes that have been identified will provide important insight. Finally, the mechanism by which the intracellular endosymbiont bacterium Wolbachia potently interferes with viral infection in flies represent another exciting question [146, 147] .
In conclusion, the studies of the past 10 years in the field of Drosophila antiviral immunity have revealed an array of mechanisms. Some of them have been conserved through evolution, while others have not. Until now, the D. melanogaster model has largely benefitted from the interest raised by the identification and characterization of evolutionarily conserved molecules and pathways. Arguably, the specificities of insect immunity are as interesting as the evolutionarily conserved aspects. Indeed, they represent species-specific innovations in host defense. In view of the rapid evolution of microorganisms, these innovations could be enlightening for the design of new therapeutic strategies for infectious diseases.
